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Genetic variation in neutrophil accumulation in mice is not mediated through
immigrant regulatory cells
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SUMMARY

Genetic variation of induced peritoneal neutrophilia in mice was accompanied by parallel
variation in macrophage responses. The timing of the macrophage responses in high responder
(C57Bl/10) mice indicated a potential role for these cells in mediating the enhanced neutrophil
response. However, adoptive transfer of inflammatory macrophages did not induce neutrophilia.
Analysis of peritoneal cytokine levels in high and low responder mice further indicated that IL-1,
IL-3, GM-CSF, G-CSF and interferon-gamma (IFN--y) were not involved in mediating the genetic
variation observed. Exogenous tumour necrosis factor-alpha (TNF-a) was effective in inducing
the high responder phenotype, despite the absence ofdetectable TNF-a in either peritoneal fluid or
serum. A role for genetically determined differential expression of endothelial adhesion molecules
in high and low responders is suggested.
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INTRODUCTION

Neutrophil accumulation and function varies widely in normal
individuals as well as in those with specific genetic defects or
aquired pathological abnormalities [1,2]. Experimental evi-
dence of genetic variation is available from several species,
including rats [3] and cattle [4] but most notably in mice (e.g.
[5-7]).

We have described [8] a murine model of genetic variation in
neutrophil accumulation. Mice challenged with intra-perito-
neal injection of a sterile irritant (Brewer thioglycollate)
behaved as low (BALB/c) or high responders (C57BI/10
[B. 10]). LPS was implicated as the specific trigger. The high
responder (HR) phenotype was dominant in F1 progeny and
largely independent of MHC expression. Neutrophil accumu-
lation was comparable up to 9 h after injection, reaching a
plateau at this point in BALB/c mice, but continued in B. 10
mice up to 15-18 h after injection. No significant peripheral or
marrow neutropaenia was observed, suggesting that variation
in the duration of neutrophil accumulation was not due to a
depletion of reserves.

Neutrophil production is influenced by a series of cytokines
[9]. Cells released from the marrow circulate briefly in the blood
before migration into tissues. Endothelial adhesion and
extravasation are effected via adhesion molecule/ligand inter-
actions and up-regulated by pro-inflammatory cytokines (e.g.
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IL-1,TNF) released following an inflammatory stimulus [10].
The process is enhanced by vascular changes induced by
mediators released from regulatory cells responding either to
the initial stimulus or to the subsequent cytokine release.
Migration is along gradients of locally produced chemotactic
factors.

Candidate regulatory cells within the peritoneal cavity
include T cells, macrophages and mast cells. T cells are not
directly sensitive to LPS but can respond to signals from LPS-
sensitive cells to release cytokines that influence production and
accumulation of neutrophils and macrophages [11-13]. Peri-
toneal macrophages stimulated in vitro with LPS, or with
mediators from other cells, release a broad range of inflam-
matory and colony-stimulating factors that can increase
neutrophil production and activation [14]. Mast cells simi-
larly may be triggered to release a variety of mediators
[15,16]. Genetic variation in neutrophil accumulation could
therefore be mediated by variation in the response of any of
these regulatory cell populations to LPS stimulation.

MATERIALS AND METHODS

Mice
SPF female BALB/c and C57BI/10 mice from Harlan-Olac
(Bicester, Oxon, UK) were used at 5-6 weeks old. Responses
at this age are similar to those in older mice (unpublished data).
(BALB/c x C57Bl/10) F1 hybrids were bred in-house.
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Induction ofperitoneal inflammatory responses
Brewer thioglycollate (BT). Mice were injected intraperito-

neally (i.p.) with 1 ml sterile 3% BT (Difco, East Molesey, UK).
Bacteria. Staphylococcus aureus, Staph. epidermidis and

Escherichia coli (NM522) were inactivated in 4% formalde-
hyde, washed in sterile, pyrogen-free saline and stored at
-80'C. Mice were injected i.p. with 1 ml volumes at con-
centrations ranging from 104 to 1010 colony forming units
(CFU)/ml.

LPS. Mice were injected i.p. with 1 ml of LPS (E. coli
serotype 0111:B4, Sigma Chemicals, Poole, UK) in sterile
saline, at concentrations up to 2500 pig/ml.

IL-J-ca and TNF-a. Mice were injected i.p. with lOOng
IL-la (AMS) and 500ng LPS-free TNF-a (NBS Biologicals,
Hatfield, UK).

Harvesting and counting peritoneal cells
Non-adherent cells. Mice were killed and peritoneal cells

harvested immediately by injection of 4 ml RPMI (GIBCO,
Paisley, UK), gentle abdominal massage for 30s and with-
drawal of 3-5 ml of fluid. All samples were taken between
09.00 h and 1.00 h. Cells were counted by haemocytometer
and their viability assessed by metabolism of 10 ng/ml fluor-
escein diacetate (Sigma). Cytospin preparations, fixed in
methanol, were stained with Wright's stain for differential
counts (on at least 200 cells). As responses in sham-inoculated
animals (1 ml pyrogen-free saline i.p.) were not statistically
different (data not shown) from untreated animals at 18 h
post-injection (p.i.), untreated animals were used as controls.

Adherent cells. Non-adherent peritoneal cells were removed
by lavage with Ca/Mg-free Hanks Buffer (GIBCO). The perito-
neal cavity was flushed again with 4 ml buffer, drained and
injected with 4 ml warm 0 25% trypsin (GIBCO) in PBS. After
10 min at 37°C, the trypsin solution was withdrawn and
forcibly reinjected to detach loose cells, 2 ml were withdrawn
and mixed with 2 ml ice-cold RPMI + 10% FCS. Cells present
in the initial lavage and the trypsin/RPMI solution were then
counted.

Measurement of cytokines
The peritoneal cavity was flushed with a 05 ml chilled 10%
FCS in RPMI, the fluid centrifuged and the supernatant
removed. Samples were used directly (for IL-l, IFN-y, IL-3,
TNF-a) or stored at -80°C (for GM-CSF, G-CSF). Blood was
collected over 05 ml Sera-sieve, allowed to clot at 4°C and
centrifuged. Sera were assayed immediately. Concentrations of
GM-CSF, IL-3, IFN--y and TNF-a were measured by conven-
tional ELISA using matched antibody pairs (Pharmingen, San
Diego, CA). The standards used were TNF (NBS Biologicals,
UK), IL-3 (Genzyme, UK), GM-CSF (Serotec, UK), IFN-y
(Dr K. Robinson, Life Science).

IL-la was measured by commercial ELISA kit (Intertest-
la, Genzyme, USA) and G-CSF measured biologically [17].
NSF60 cells were dispensed into eight duplicate wells of a 96-
well plate each containing 50,ul of a 1:2 dilution series of either
G-CSF standard or test sample in RPMI + 10% FCS. Ten ,ul
each of anti-IL-3 and anti-GM-CSF were added to four of the
eight wells. After incubation, 0 25 mCi of 3H-thymidine (Amer-
sham International, Aylesbury, UK) was added per well, the
cells harvested and activity counted on a Packard l900TR
scintillation counter.

Adoptive transfer
Peritoneal cells from control B.10 or BT-injected donors were
resuspended in 1 ml and injected directly into homologous
(B.10) recipients (1:1 ratio). Peritoneal neutrophilia was
assessed 18h later. Results are given as the means of three
recipients.

Statistical analysis
Data were analysed using the Mann-Whitney U-test. Values of
P < 0-05 were considered significant.

RESULTS

Peritoneal inflammatory cell kinetics after injection ofBT (Fig.
Ja-d)
In both strains neutrophils increased significantly within 3 h
reaching maximum levels in BALB/c mice at 9 h p.i. but
accumulating in B.10 until 15 h p.i. Numbers were significantly
greater in B.10 mice from 12 to 24h p.i. Lymphocytes fluctu-
ated during the first 18 h, with a significant increase only in B. 10
mice but rising in both strains between 18 and 24 h. Inter-strain
differences were significant only at 9 h p.i. BALB/c mice had
significantly greater resting levels of mast cells (P < 0-05) than
B.10 mice, but both strains then showed a rapid decline. From 9
to 24 h p.i. mast cells were barely detectable in B. 10 mice; in
BALB/c there were significant numbers at 9, 12 and 18 h p.i.
(P < 0-01). Peritoneal macrophages (Fig. ld) showed a slight
reduction in both strains p.i., followed by a significant
increase. The onset of the increase was different for the
two strains, starting after 9h p.i. in B.10 mice and 18h p.i.
in BALB/c. The proportion of cells with reduced cytoplasmic
volume and vacuolation increased markedly in BT-stimulated
animals, suggesting the immigration of blood monocytes.

Cytokine profiles in the peritoneal cavity (Table 1)
Neither GM-CSF nor TNF-ar were detectable in either strain at
any time. TNF-a was also not detected in serum samples. IL-3,
IFN--y, IL-Ia and G-CSF all increased 3-6 h p.i. in both strains
but declined to near baseline levels by 24 h. The increase was
minimal for IL-3 and IFN--y, but IL-la and G-CSF each
showed highly significant increases (P < 0-05) at 3, 6 and 9 h
p.i. (both strains) and at 12 and 18h p.i. (BALB/c). Strain-
related differences were apparent for IFN--y and IL-3 (3 h) and
G-CSF (6 h). At both times cytokine levels were higher in
BALB/c (P < 0-05). (G-CSF values were measured with neu-
tralizing antibodies to IL-3 and GM-CSF.)

Effect ofBT on peritoneal macrophage adherence (Table 2)
The proportion of adherent macrophages rose from 55% to
68% in BALB/c and from 13% to 37% in B.10 mice. Numbers
adherent at 18 h p.i. did not exceed the adherent and non-
adherent total recorded prior to injection. Few neutrophils
were present in unstimulated animals, making comparison
with stimulated animals unreliable. However, in contrast to
macrophages, the numbers of adherent neutrophils in stimu-
lated animals were greatly increased and cannot be accounted
for by adherence of the resident population following injection
of BT.

Expression of high-response phenotype for neutrophils and
macrophages by B.10 and F1 mice
Peritoneal cell numbers were compared between the strains and
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Table 1. Cytokine levels during the peritoneal inflammatory response

Time (h)

0 3 6 9 12 18 24

IFN--y (t/ml)
BALB/c 1 3 ± 1-9 10-2 ± 6-4 2-2 ± 2-2 2-8 ± 2-8 2-7 ± 1-8 <1 0 1-7 ± 1-7
B.10 2-0 ± 0 7 3 2 ± 3-2 4-8 + 1-5 1 2 ± 0 8 3-2 ± 0 8 1-3 ± 1-2 <1.0

IL- la (pg/ml)
BALB/c <10 44 0 ± 31-7 17-7 ± 2-9 14-2 ± 2-9 12 5 ± 7 0 ND ND
B.10 <10 51 7 ± 17-2 29-2 ± 21 14 5 ± 7-7 12 2 ± 8-8 ND ND

IL-3 (p/ml)
BALB/c 05 ± 01 30 ± 10 15 0-7 19 ± 04 09 ± 04 05 ± 03 08 ± 05
B.10 03 ± 03 03 + 03 16 ± 03 0-5 + 02 09 + 01 07 0-2 <0-2

G-CSF* (jt/ml)
BALB/c <10 6905 ± 5650 10647 ± 4352 4431 ± 4258 342 ± 114 58 + 29 30 ± 15
B.10 <10 5360 ± 4640 1147 + 752 1345 ± 350 18 ± 3 <10 <10

Cytokine levels in peritoneal exudate fluid were determined by sandwich ELISA or by bioassay (G-CSF only). Fluid from each of three
mice was assayed at intervals following injection of BT. Results are expressed as means ± 1 s.d.

* G-CSF bioassay in NFS-60 cells. Counts in wells not treated with neutralizing antibodies to GM-CSF and IL-3 were consistently 10-
20% higher than treated controls at all time points.

TNF-a was tested in both peritoneal exudate fluid and serum. TNF-a and GM-CSF were not detected (<1 ng/ml) at any time point.

in F1 (B.10 x BALB/c) 18 h after various stimuli. Responses in
BALB/c were within the ranges previously determined [8], i.e.

50 W
the LR phenotype was expressed. The response of B.10 mice

5 (a) (b) was identified as LR if not significantly different from BALB/c
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Post-trypsin 0 1 ± 0 04 0-6 ± 0-26
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Fig. 1. Kinetics of peritoneal inflammatory response in C57BI/10 (0)
and tsALB/c (0) mice after injection of 1 ml sterile Brewer thioglycol-
late. At intervals, mice were killed, peritoneal cells removed by lavage
and absolute numbers determined by haemocytometer. Numbers of (a)
neutrophils, (b) lymphocytes, (c) mast cells, and (d) macrophages were

then calculated from stained cytocentrifuge preparations. Values shown
are the means ± s.e. of five or six mice/time interval.

Pre-trypsin 7 5 ± 260 4-1 ± 1-64
Post-trypsin 3-3 ± 0 34 2 8 ± 0-87

C57BI/10 Pre-trypsin 35 9 i 720 8-6 ± 0-96
Post-trypsin 5-9 0-84 3-2 ± 0-85

Mice were given 4 ml peritoneal lavage before or 18 h
after injection of 1 ml 3% BT. The peritoneal cavity was then
flushed with 4ml buffer and incubated for 10 min at 37°C
with 4ml warm 0-25% trypsin in PBS. The trypsin solution
was withdrawn, reinjected forcibly to remove loose cells, re-
aspirated, then mixed with equal volumes of ice-cold RPMI
+ 10% FCS. When PBS was substituted for trypsin, less than
104 total cells/mouse were recovered.
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Genetic control of neutrophilia

phenotype for both neutrophils and macrophages, whereas
casein and Staph. aureus induced a LR phenotype for both
cell types. In contrast, Staph. epidermidis induced high macro-
phage but low neutrophil responses. In F1 mice LPS stimula-
tion induced the HR phenotype for both cell types.

Adoptive transfer ofperitoneal inflammatory cells
The inflammatory status of the cell donor (naive or 12h p.i.
with BT) did not significantly influence the subsequent response
in the recipient. Mean neutrophil and macrophage numbers in
recipients at 18h p.i. were 6-0 ± 3x1105 and 5 0 ± 24x 105
(naive cells) and 3 2 ± 1-3x 105 and 3-7 ± 1 2x 105 (stimulated
cells). In animals injected with saline only, recoveries were 0- 16
+ 008 x105 neutrophils and 10-8 + 2-5x105 macrophages/
mouse. The magnitude of the neutrophil response to injected
cells was approximately 4-fold lower than to BT.

Effect of exogenous IL-la or TNF-a (Table 3)
The i.p. inoculation of IL-la resulted in a neutrophil response
at 18 h p.i. in both strains which was within the range known to
be induced by BT in BALB/c mice [8], but a macrophage
response comparable to B.10 mice (see Fig. Id). In contrast,
the response to TNF-a was strain-dependent. Neutrophil
numbers were minimal in BALB/c but comparable in B.10
mice to levels induced by BT. Both strains showed a HR
macrophage phenotype.

DISCUSSION

Mice show genetically determined variation in the acute peri-
toneal neutrophilia elicited by i.p. injection of a sterile irritant
[8]. This variation could reflect strain-dependent differences in
the kinetics and/or cytokine production of three major transi-
tory cell populations within the peritoneal cavity T cells,
macrophages and mast cells - all of which could potentially
regulate neutrophil influx.

Although T cells have been implicated in mediating genetic
variation in macrophage and neutrophil-mediated resistance to

Table 3. Effect of exogenous IL-la or TNF-a on peritoneal
inflammatory response: IL-la or TNF-a were injected i.p. and
peritoneal cells harvested after 18 h; counts are expressed as the

mean of either five or six replicate mice ± 1 s.e.

Cell count (x 105/mouse) after 18 h

Treatment Strain Neutrophils Macrophages

Control BALB/c 0-16 ± 0-12 16-4 ± 3-6
C57Bl/10 0-36 + 0-20 12-4 ± 2-4

500ng TNF-a BALB/c 5-1 + 2-4 16-4 ± 6-0
C57Bl/10 40 4 ± 14 8 27-2 + 6-4

P < 005 P= 0-27

50ng IL-la BALB/c 17-2 ± 3-3 14-4 ± 3-5
C57Bl/10 25-1 ± 5-5 13-1 ± 1-5

P=0-27 P=05

Data were compared using the Mann-Whitney U-test.

many infections, these effects are associated more with chronic
than acute neutrophil accumulation [18] and T cell-independent
mechanisms may operate simultaneously [19]. Peritoneal lym-
phocytes increased only slightly during the first 18 h after
stimulation and levels of T cell cytokines in peritoneal exudate
fluid changed little over 24 h. IL-3 values were low throughout,
IFN--y showed only a small increase initially and GM-CSF was
not detectable at any time.

Mast cells have large intra-cellular stores of mediators that
can be released when the cells degranulate following stimu-
lation [16,20,21]; some of these mediators, notably TNF and
IL-l, can effect neutrophil accumulation. The abrupt decline in
numbers ofmast cells during the first 9 h p.i. following injection
of BT suggests rapid degranulation, but the kinetic pattern of
response was essentially similar in the two strains during the
critical 12-18 h period.

Macrophage numbers recovered by peritoneal washing also
declined in the first 9 h p.i. in both strains but then increased,
the rise occurring earlier in B. 10 mice. The changes in propor-
tions of adherent/non-adherent cells suggest that the initial
decline reflects adherence, not emigration, the subsequent
increase reflecting immigration. Adherent macrophages are
likely to be activated and thus capable of releasing regulatory
mediators that may initiate neutrophil accumulation. However,
neutrophil numbers continued to rise in B. 10 mice and this rise
coincided with the increase in macrophages, suggesting a func-
tional relationship. If correct, response phenotypes for the two
cells should be correlated whatever the eliciting stimulus and
co-inherited. Indeed, the high neutrophil and macrophage
responses were seen in B. 10 mice after injection of BT, killed
Gram-negative bacteria or LPS, removal of LPS from BT
abrogating both responses. F1 (BALB/c xC57BI/10) hybrids
showed both high neutrophil and high macrophage responses
when injected with BT. Non-LPS mediated stimuli (casein,
killed Staph. aureus) induced low macrophage and neutrophil
responses. There is, therefore, a suggestive correlation, but this
is, unfortunately, not supported by the cytokine data. GM-CSF
and TNF were not detectable at any time, whilst G-CSF
showed a comparable response in both B.10 and BALB/c
with an early peak at 3 h p.i. followed by a steady decline. In
addition, the neutrophil-macrophage response correlation was
not seen in response to Staph. epidermidis. These data, together
with the adoptive transfer data, suggest that the genetic control
of the neutrophil response after LPS stimulation is not depen-
dent upon the accompanying macrophage influx.

This study focused upon inflammatory events within the
peritoneal cavity itself. However, since inflammation is
mediated through sequestration of effector cells from the
circulation, a process in which expression of adhesion mole-
cules plays a key role, genetically determined variation in
peritoneal neutrophil accumulation may be mediated through
variation in pro-inflammatory cytokines such IL-l and TNF
via their effects upon expression of adhesion molecules on

endothelial cells. After BT stimulation, both strains produced
IL-la from 3 h p.i. and both showed a comparable neutrophil
influx when injected with IL-la. In contrast, TNF-a induced a

strain-dependent neutrophil accumulation comparable to that
induced by BT. Although LPS triggers TNF release from
murine peritoneal macrophages in vitro [22,23], no TNF-a
was detected in peritoneal exudate or blood from animals of
either strain during the first 24 h of a BT-induced inflammatory
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response. Nakane et al. [24] reported comparable findings in
Listeria-infected mice where, despite the fact that no TNF-a
was detected (L929 bioassay, < 4p/ml) in serum or spleen
homogenates at any time point, injection of animals with
anti-TNF-a antibody 0-2 h p.i. significantly reduced survival.
Failure to detect TNF-a in vivo may reflect its very short half-
life [25], it may be active in a membrane-bound form, e.g. on
endothelial cells, or it may operate locally over concentration
gradients not detectable in crude peritoneal washings.

These experiments have analysed genetically determined
differences in the LPS-induced accumulation of neutrophils at
a site of acute inflammation. A number of possible explanations
for such differences have been excluded and attention is now
focused on variation in expression of endothelial adhesion
molecules as a contributory mechanism. In vivo blocking of
selected adhesion molecules by injection of specific antibody
should determine their role in the greater accumulation of
neutrophils seen in in high-responders.
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